Controlled ribonucleotide tailing of cDNA ends (CRTC) by terminal deoxynucleotidyl transferase is a polymerase chain reaction (PCR)-mediated technique that was developed to facilitate cloning and direct sequence analysis of complete 5′-terminal unknown coding regions of rare RNA molecules. In contrast with standard tailing protocols using dNTPs as the substrate, ribo-tailing of cDNA ends is easily controllable, self-limited (from two to four rNMP incorporations) and highly efficient (>98%). By virtue of the homopolymeric ribo-tail, the modified cDNA is anchored to the 3′ overhang of a double-stranded DNA-adaptor in a T4 DNA ligase-dependent ligation. PCR amplification, mediated by two sequence-specific primers, yields the desired unique product suitable for cloning and dideoxy-sequencing.
Terminal deoxynucleotidyl transferase (TdT) catalyzes the repetitive incorporation of deoxynucleotides (dNPTs) to the 3′-OH termini of single-or double-stranded DNA (1, 2) . The repetitive homo-polymer DNA tailing by TdT is of particular use (i) in cDNA cloning experiments where DNA fragments with no suitable overhanging ends must be ligated to a cloning vehicle (3, 4) and (ii) in the PCR-mediated analysis of cDNA sequences when only a fragment of the cDNA sequence is known (RACE, rapid amplification of cDNA ends) (5).
However, four major problems are encountered with homopolymeric dNTP tailing by TdT. First, the rate of incorporation of deoxynucleotides is strongly affected by the kind of bases added. Secondly, the incorporation is affected by the nature of the 3′-terminal nucleotide of the DNA primer. Thirdly, the addition of homo-polymeric DNA tails is difficult to optimize and to control, and often results in ineffficient cloning of the desired DNA fragment, or in a high background of non-specific products in the amplification-driven analysis of cDNA sequences (RACE). Finally, even under the most favorable conditions described, the rate of the incorporation of a controlled number of one or a few nucleotides (dNTPs, rNTPs or unnatural bases) to the 3′-end of single-stranded DNA is only moderate (1,2,5-7).
Here we present CRTC as an alternative strategy to RACE designed for amplifying, cloning and direct sequence analysis of complete 5′-terminal unknown coding regions of rare RNA molecules (Fig. 1) . The protocol featured in this work takes advantage of a controlled ribonucleotide tailing of cDNA ends (CRTC) by TdT. In contrast with standard tailing protocols using dNTPs as the substrate, ribo-tailing of cDNA ends is easily controllable, self-limited (from two to four rNMP incorporations) and highly efficient (>98%). We applied this procedure to modify cDNA ends by the incorporation of rNMPs. By virtue of the homo-polymeric ribo-tail, the modified cDNA is anchored to the 3′ overhang of a specific double-stranded DNA-adaptor in a T4 DNA ligase-dependent ligation. PCR amplification, mediated by two sequence-specific primers (adaptor-and cDNA-specific) yields the desired unique product suitable for cloning and dideoxy-sequencing ( Fig. 1) .
The recommended procedure was applied to determine the transcription start sites of the Saccharomyces cerevisiae DNA topoisomerase I gene starting from a poly(A) + mRNA population (data not shown) and promises to combine the sensitivity and reliability of RACE with the high precision of SLIC (singlestranded ligation of cDNA ends) (8) .
To demonstrate this the following brief protocol was used to determine the 5′ part of subnanomolar concentrations of a specific RNA molecule (Fig. 2) .
First-strand cDNA synthesis and sample purification. Gel-extracted ssRNAs (0.1 pmol, 403 nt), produced by in vitro transcription were subjected to cDNA synthesis with one sequence-specific primer (0.1 pmol) in the 3′-region on the RNA template (S3: 5′-GGTATATGTTATATATAAAC) for 15 min at 37_C, using 10 U SuperScript Reverse Transcriptase (RT; Gibco-BRL) in a 20 µl reaction (RT-buffer; Gibco-BRL). First-strand synthesis was followed directly by alkaline degradation of the mRNA template (50 mM Na 2 CO 3 /NaHCO 3 , pH 9.5, 30 min, 95_C). Purification of the cDNA product and sample recovery in water (QD) was performed with a GlassMAX TM spin column (Gibco-BRL).
Ribonucleotide tailing of cDNAs. The purified cDNA product (0.01 pmol) was incubated for 60 min at 37_C in the presence of * To whom correspondence should be addressed Figure 1 . Principle of CRTC in PCR-mediated analysis of unknown 5′-ends of specific mRNAs. 1. First-strand cDNA synthesis of total RNA or poly(A) + mRNA is performed with a mRNA-specific downstream primer [known region in the 3′-part of the mRNA template or oligo(dT) primer]. 2. The purified cDNA products are modified at their 3′-end by the addition of between two and four ribonucleotides (rGTP) and 3. anchored to a specific double-stranded DNA adaptor with a complementary 3′-dinucleotide overhang (CC) in the presence of T4 DNA ligase. 4. PCR amplification, using one adaptor specific primer (5′-terminally biotinylated) and a cDNA-specific nested primer (comprising a desired restriction site; shown for EcoRI) yields a unique PCR product suitable for 5.1. direct solid phase sequencing (9) or for 5.2. dideoxy-sequencing after a cloning step, utilizing restriction sites derived from the DNA adaptor (SacI, NotI as an example) and from the nested cDNA primer. 5 .0 U TdT (Boehringer Mannheim) and rGTP (Pharmacia) in a 10 µl reaction: 200 mM potassium cacodylate, 25 mM Tris-HCl, 0.25 mg/ml BSA, pH 6.6 (TdT-buffer, Boehringer Mannheim), 1.5 mM CoCl 2 , 5 µM rGTP. The recommended conditions (e.g. cacodylate buffer containing CoCl 2 , TdT in molar excess over the concentration of cDNA termini, 5 × 10 3 -fold excess of rGTP over cDNA 3′-ends) work best for the incorporation of between two and four rGMPs to the 3′-end of single-stranded DNA [rate of reaction: 98.6%; extent of reaction: +1 (0.0%); +2 (6.7%); +3 (71.9%); +4 (19.9%)]. Lowering the rGTP concentration in the reaction mixture to 0.5 µM favors the incorporation of between Essentially the same protocol can be used with all other rNTPs as the substrate. Purification of the 3′-terminally ribo-tailed cDNA was performed by EtOH/NaAc (0.3 M) precipitation, or alternatively, by a GlassMAX TM spin column (Gibco-BRL).
Tagging of rG-tailed cDNA to a linearized plasmid vector with a complementary dC-dinucleotide 3′ overhang using T4 DNA ligase. The ribo-GTP-tailed cDNA (2.5 fmol) was co-incubated from 6 h to overnight at 16_C with 2.5 fmol of a BsgI × EcoRI double-digested derivate (BSII/KS+/BsgI) of a pBluescript II KS+ phagemid (Stratagene) in the presence of 1.0 U T4 DNA ligase (Boehringer Mannheim) in a 20 µl final volume of DNA ligation buffer supplied by the manufacturer.
The BSII/KS+/BsgI derivate, suitable for the ligation of rGTP and rCTP tailed cDNAs, was constructed by oligonucleotidedirected mutagenesis substituting the HindIII × PstI fragment of pBluescript II KS+ phagemid (Stratagene) cloning site by the 31mer 5′-AGCTTGATATCGAATTCGTGCAGATACTGCA (BsgI site underlined; EcoRI site in italics). The BSII/KS+/BsgI phagemid allows blue-white selection; digestion with BsgI produces a staggered single-cut downstream (N16/N14) of the BsgI recognition site producing a 3′-terminal dinucleotide-overhang (3′-CC and 3′-GG, respectively) at the SmaI-BamHI site.
PCR amplification of tagged cDNA products. The ligation mixture (2 µl) was directly subjected to PCR amplification by standard techniques (94_C, 20 s; 58_C 20 s; 72_C, 40 s; 35 cycles) in a 50 µl reaction using 1.0 U Taq DNA polymerase (Boehringer Mannheim) and buffer supplied by the manufacturer (Boehringer Mannheim). Amplified PCR products: 215-216 bp. PCR primers used: BSII/KS+/BsgI-specific minus-strand primer (M13 -20 PCR; 5′-GACGTTGTAAAACGACGGCCAGTG; 25 pmol; 5′-terminally biotinylated); cDNA-specific plus-strand primer (S3-PCR: 5′-AATAAGAATTCGCATGTCTAATTAGG-TATATGTTATATATAAAC; 25 pmol), containing an EcoRI site (italics) and partially complementary (underlined) to the 3′-region of the second-strand cDNA sequence.
Direct solid phase sequencing of PCR products. Purification of PCR products and dideoxy-sequencing using magnetic beads as solid support was performed as described (9) . Sequencing primer used: S3 (see above); complementary to the 3′-region of the second-strand cDNA sequence (data not shown).
Dideoxy-sequencing of cloned PCR products. Purification of PCR products using magnetic beads was performed as described (9) . After SacI × EcoRI double-digestion, the PCR products were inserted into the respective restriction sites of a pBluescript II KS+ phagemid (Stratagene) and subjected to standard dideoxysequencing with a T7 primer in the presence of Sequenase (Amersham Life Science) (Fig. 2) .
